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Abstract: Chain-die forming is a new sheet metal forming technology proposed and it emerges as a supplement to 
roll forming and stamping in fabricating non-uniform AHSS products. The permanent longitudinal strain on the 
flange edges and the web-warping are two significant issues which determine the success of the fabrication of an 
irregular AHSS component. In this paper, finite element analysis (FEA) is employed to investigate the longitudinal 
and web-warping in Chain-die forming non-uniform sections with varying widths. Two forming strategies are 
employed in the numerical investigation, specifically, the section is formed by three consecutive forming passes and 
one single forming pass respectively. The results indicate that the final permanent longitudinal strain and 
web-warping co-exist in the Chain-die formed irregular AHSS components while they are much gentler compared 
with those of flexible roll formed irregular sections. In this study, it is proved that the final permanent longitudinal 
strain and web-warping have a reciprocal relationship. The increase of tensile strength results in the reduction of 
permanent longitudinal strain and the increase of the web-warping. In addition, the final longitudinal strain is 
independent of the transient forming angles and other interim forming passes. That means, unlike the flexible roll 
forming process, it is possible to fabricate an AHSS non-uniform section through just one forming pass as the 
effective longitudinal strain path behaves like a linear accumulation process. 
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1  Introduction 
Roll forming is considered as an economical and 
practical manufacturing method to fabricate advanced 
high-strength steel (AHSS) products. However, the 
technical issues which include unavoidable redundant 
deformation types, unpredictable springback, more 
product defects caused by higher residual stresses and 
so on have not been solved effectively. Those problems 
greatly limit the applications of roll formed products. 
For fabricating non-uniform profile AHSS products, 
traditional roll forming is no longer suitable due to the 
inevitable elongation consumed (AHSS has the limited 
elongation) by the redundant plastic deformation and 
the movement restrictions along the transverse and 
vertical directions. A replacement called flexible roll 
forming [1~4] can be applied to make some simple 
irregular automotive structural components, it employs 
a consecutive set of forming tools to gradually form 
the workpieces to various profiles. The main 
difference that distinguishes the flexible roll forming 
from conventional roll forming is that the workpiece 
is not only bent, but also, the flange areas of the 
workpiece experience the longitudinal stretching and 
compression.  
Nevertheless, as its forming principle is almost 
identical to the conventional roll forming process, 
the redundant deformation types are still hard to 
avoid and also the fabrication process involves an 
intensive capital investment, which currently 
restricts the acceptances of flexible forming from the 
automotive industry [1~4]. 
Chain-die forming, a promising novel sheet metal 
forming method is therefore proposed by Ding [5], to 
break the bottleneck of fabricating irregular AHSS 
components. It has been proved that the technology 
·582· ICAS 2016 & HMnS 2016 
has the characteristic of conserving the material’s 
ductility to meet the requirements of the fabrication 
of the irregular AHSS components. The principle of 
Chain-die forming is to prolong effective forming 
distance by extending the virtual roll radii. 
Specifically, the technology introduces a series of 
discontinuous forming tools moving on a track board 
to implement the virtual large rolls.  
For the fabrication of the irregular automotive 
structural AHSS components with various widths 
along the forming direction, the convex area of the 
flanges of the pre-cut sheet must be compressed 
while the concave area needs to be stretched, as seen 
in Fig.1. This requires specific amounts of 
longitudinal strain or the web-warping to 
compensate the material of the pre-cut sheet. These 
result in a series of product defects, such as, the 
permanent longitudinal strain and web-warping. 
These two issues play the key roles in the 
determination of the success of the fabrication of an 
irregular AHSS component with varying widths.   
 
Fig. 1  The material state in concave and convex regions 
In this paper, the finite element analysis (FEA) is 
employed to investigate the permanent longitudinal 
strain and web-warping in the Chain-die formed 
irregular automotive structural AHSS components 
with variable width sections. The paper is structured 
as follows. A brief introduction of the study is given 
in this section, followed by the illustration of the 
FEA set-up. The FEA results are then presented and 
discussed. Some important conclusions for future 
study are finally made. 
2  FEA Set-up 
Two sets of FE models are established to explore 
Chain-die forming the irregular AHSS components 
with varying widths. Specifically, the workpieces are 
explored to be fabricated through three consecutive 
forming passes and one single forming pass. The 
geometric and mechanical behaviours of the 
irregular components are clarified followed by the 
illustration of the design of flower diagrams. The 
procedures of the FE modelling are also introduced. 
2.1  Geometric and material properties of the 
irregular components 
The typical non-uniform automotive structural 
AHSS component with a 90° final fold angle is 
shown in Fig. 2. Fig. 2 shows that the part has some 
significant variations of width along the length 
direction, which indicates that stretching and 
compression along the curved area of flange will 
occur. Mechanical behaviours of the workpieces 
used in the study are the elastic-plastic strain 
hardening material and they are shown in Table 1. 
All the samples are 324 mm length and 1.2 thickness. 
The material strain hardening is expressed by a 
power-law equation shown in below equation (1), 
 
Fig. 2  The geometric dimension of non-uniform sample 
 0( )
nKσ ε ε= +  (1) 
where n is the strain hardening exponent, is the 
Young’s modulus, K is the strength coefficient, sσ is 
the yield stress,σ is the tensile strength (true stress) 
and 0σ is the initial strain. 
Table 1  The mechanical behaviours of the 
variable width sections 
No  1 2 3 4 
n 0.18 0.11 0.1 0.082 
E 208 208 208 208 
K 1465 1493 1864 2155 
sσ  498 619 845 1185 
σ  923 1143 1392 1676 
0σ  0.0025 0.0003 0.0004 0.0007 
Note:1.Unit: E: GPa; K: MPa; sσ : MPa; σ : Mpa. 
2. No1: Engineering tensile strength (TS) =780MPa; No 2: TS 
=980Mpa; No 3: TS=1180MPa; 1: TS =1500MPa 
2.2  Design of flower diagram  
The flower design of a forming method is on the 
basis of standard cutter’s angles in the flexible roll 
forming process. To avoid excessive deformations 
within such areas and possible defects of cracking 
and wrinkling, and meanwhile increase the 
deformation forming length, the forming is 
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completed by three forming passes, i.e., 0º→ 33º 
→ 63º → 90º, as seen in Fig. 3 a. The first and 
second forming angle are designed in consideration 
of spring-back compensation in each step. In order to 
reduce the springback issue, a constant forming 
radius is adopted in the forming tooling design. 
Manufacture of the component is also explored by one 
single forming pass, i.e., 0º→ 90º, as seen in Fig. 3 b. 
 
Fig. 3  The forming flower patterns 
2.3  FEA modelling  
The finite element (FE) modelling is carried out in 
ABAQUS/Standard. The implicit solution algorithm 
is employed to improve the accuracy of results. 
Specific python scripts are written to complete the 
FE modelling. The forming tools are defined as the 
rigid shell bodies and the workpiece is defined as a 
deformable body. Taking advantages of symmetry to 
improve the computing efficiency, only one half of 
the workpiece and rolls have been modelled. The 
initial flat blank has been meshed using different 
mesh sizes. A very fine mesh has been adopted in the 
bend corners and flange edge portions and a coarse 
mesh has been applied in the web of the blank. There 
are 5 mesh layers (elements) along the thickness 
direction to guarantee a good convergence. The 
blank consists of 53440 reduced-integration 
linear-interpolation eight node brick element with 
hourglass control. To avoid penetration into the sheet, 
the mesh type of the forming tools is the four node 
3D bilinear rigid quadrilateral element (R3D4). The 
FE model of Chain-die forming and the details of the 
mesh can be seen in Fig. 4 a and b.  
 
Fig. 4  The forming flower patterns 
3  Results and Discussions 
The FEA results of the permanent longitudinal strain 
and web-warping are presented and discussed 
individually. The hidden relation of the longitudinal 
strain and web-warping is also discussed in detail. 
3.1  Permanent longitudinal strian 
The permanent longitudinal strains of the convex 
and concave regions of two forming methods are 
shown in Fig. 5 a and b. There is longitudinal 
stretching in the concave regions whilst there is 
longitudinal compression in the convex regions.  
The comparison of the final longitudinal strain is 
shown in Fig. 5 c, it is observed that the value 
boundaries of the final permanent longitudinal strain 
of two forming methods are almost same. It is a very 
interesting phenomenon which gives a clear 
evidence that the materials are maximally preserved 
in the Chain-die forming process as there is almost 
no redundant plastic deformation occuring. This can 
be further proved by the strain paths of materials in 
convex and concave regions, as seen in Fig. 5 d. As 
the relation of the major strain 1ε and minor 
strain 2ε of one element of the transitional regions 
behaviours like a liner relation, the effective 
deformation is linearly and gradually accumulated 
until the final shape is achieved. Hence the strain 
paths are independent of the forming angles and 
other forming sequences. 
 
Fig. 5  Permanent longitudinal strains of two forming 
strategies 
The final permanent longitudinal strain distributions 
of two methods are shown in Fig. 6a and b 
respectively. Unlike the flexible roll formed irregular 
components, there is very little permanent longitudinal 
strain on the components except the convex and 
concave regions of flanges. It is more like a stamping 
or air-bending process. It is worthy of notice that the 
surrounding materials are also pulled in to the concave 
and convex regions to compensate the deformation. 
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However, the stretching and the compression areas 
during the method 1 are larger than those during the 
method 2. Thus the material stretching and 
compression during method 1 are more evenly 
distributed than those during the method 2. The 
forming method 1 is proved to preserve more 
material’s ductility more than the method 2. However, 
as the strain paths are far away from the forming curve 
boundaries, the forming method 2 is still considered as 
a more appropriate way for fabricate a non-uniform 
component as it can significantly reduce the capital 
investment and meanwhile improving the forming 
efficiency. 
 
Fig. 6  Comparison of the distribution of axial membrane 
strains of two methods 
3.2  Web-warping 
One of the main defects in the non-uniform products is 
the web-warping. It exists in the Chain-die formed 
irregular AHSS components as well. From the 
literature[1~4], the web-warping is much gentler 
compared with that of flexible roll formed components. 
It is observed that the maximum web-warping occurs at 
the middle of the product. The simulation results of 
web-warping of two forming methods are compared 
and shown in Fig. 7. It is found that the web-warping 
caused by the forming method 1 is more significant 
than that caused by the method 2, and it further proves 
that the forming method 2 is considered as a more 
appropriate method to fabricate an irregular AHSS 
component.   
3.3  Relation of permanent longitudinal strain 
and web-warping 
The longitudinal strain and web-warping of non- 
uniform components with different tensile strength 
are studied and the results are presented in Fig. 8 a 
and b respectively. From Fig. 8 a, it is concluded that 
with the increase of material strength, the permanent 
longitudinal strain decreases. On the other hand, in 
Fig. 8 b, the increase of material strength has a 
positive influence on the web-warping phenomenon. 
It is proved that the permanent longitudinal strain 
and web-warping have a reciprocal relation.  
 
Fig. 7  Web-warping of the variable width sections 
 
Fig. 8  Permanent longitudinal strain and web-warping of the 
variable width sections 
4  Conclusions 
Some conclusions have been reached and are 
summarized: 
(1) Forming method 2 is considered as a more 
appropriate method when apply in the fabrication of 
an irregular AHSS component;  
(2) The final permanent longitudinal strain is 
independent of the forming angle and other interim 
forming sequences; 
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(3) The increase of tensile strength decreases the 
permanent longitudinal strain and meanwhile increases 
the web-warping. It is proved that the longitudinal 
strain and web-warping have a reverse relationship; 
(4) The longitudinal permanent strain on the 
transitional zones is not the only factor that 
influences the magnitudes of the web-warping.  
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